Knowledge about the early part of needle growth is deficient compared with what is known about shoot growth. It is however important to understand growth of different organs to be able to estimate the changes in whole tree growth in a changing environment. The onset of growth in spring has been observed to occur over some certain threshold value of momentary temperature or temperature accumulation. We measured the length growth of Scots pine (Pinus sylvestris L.) needles and shoots from March until bud break over 3 years. We first compared needle growth with concurrent shoot growth. Then, we quantified threshold temperature of growth (i) with a logistic regression based on momentary temperatures and (ii) with the temperature sum accumulation method. Temperature sum was calculated with combinations of various time steps, starting dates and threshold temperature values. Needle elongation began almost concurrently with shoot elongation and proceeded linearly in relation to shoot growth until bud break. When studying the threshold temperature for growth, the method with momentary temperature effect on growth onset yielded ambiguous results in our conditions. The best fit of an exponential regression between needle growth or length and temperature sum was obtained with threshold temperatures −1 to +2°C, with several combinations of starting date and time step. We conclude that although growth onset is a momentary event the process leading to it is a long-term continuum where past time temperatures have to be accounted for, rather than a sudden switch from quiescence to active growth. Further, our results indicate that lower temperatures than the commonly used +5°C are sufficient for actuating the growth process.
Introduction
The timing of growth onset in boreal and temperate tree species is regarded as an adaptation to the cyclic environment, as early growth onset may increase total annual growth but at the same time increase the risk of frost damage during spring (Hänninen 1990 , Ackerly 2003 , Cuny et al. 2012 . The relative timing of growth in different tree organs may also be a life strategy adaptation, although most studies on growth synchronization have focused on the physiological mechanisms that regulate the sequence of growth onset in different growth tissues (e.g., Aloni 2013), rather than life strategies. However, in their study on tropical deciduous species, Meng et al. (2015) hypothesized that light-adapted species would benefit from growing new shoots more rapidly than foliage in order to avoid self-shading and to secure adequate water transport to the newly growing foliage, whereas for shade-adapted species it would be more beneficial to grow leaves first, since water transport and shading would not be critical constraints. Cuny et al. (2012) compared the onset of shoot, needle and cambial growth in Scots pine, Norway spruce and silver fir, finding that primary shoot growth always preceded bud break in shade-intolerant Scots pine but that the opposite was true of the more shade-tolerant silver fir and Norway spruce. On the other hand, there is evidence that needle growth already starts inside the bud before bud break (Sutinen et al. 2009 ), such that the findings by Cuny et al. (2012) could well be consistent with the hypothesis of Meng et al. (2015) .
The start of needle and shoot growth are closely related to the process of dormancy release in buds set in the previous autumn. Dormancy release is generally assumed to be gradual, and the processes leading to bud break are assumed to proceed with temperatures above a threshold after a prescribed date, determined either by daylength (Linkosalo et al. 2000, Hänninen and Kramer 2007) or some preceding temperature-dependent processes related to dormancy completion (Sarvas 1972 , Hänninen and Kramer 2007 , Junttila and Hänninen 2012 . There is mounting physiological evidence that both daylength and temperature control dormancy release in buds (Cooke et al. 2012) , and empirical models of bud break including both temperature and daylength have been found to perform better than models based on temperature only (Linkosalo et al. 2000 ).
The phenology of conifer bud break is often described in terms of stages observable on the developing bud, starting with bud opening and swelling and leading to full bud break and exposed shoot growth (Dhont et al. 2010 , Huang et al. 2014 . However, there is already growth taking place inside the bud for a few weeks before bud break (Sutinen et al. 2009 ). If growth inside the bud followed simple temperature dependence above a threshold, this would create the apparent dependence of bud break on accumulated temperature sum.
It is widely accepted that growth and development decrease at low temperatures (Körner 1998) , but what exactly the critical temperatures are is less clear. The timberline has been globally found to occur in areas where the growing-season mean temperature is 5-7°C (James et al. 1994 , Holtmeier 1997 , Körner 1998 . The temperature accumulation model assumes that ontogenetic development processes take place before growth onset (i.e., the first moment when
0, where L is needle length and t is time) and growth begins after temperature accumulation has reached a certain level (Hänninen and Kramer 2007) . The most commonly used temperature accumulation model is the temperature sum model, which accumulates temperatures above a prescribed threshold. The model is typically applied with a daily mean threshold value of +5°C (Sarvas 1972 , Hänninen 1990 ) but other threshold values have also been suggested (e.g., Linkosalo et al. 2008) . Sutinen et al. (2012) studied the dependence of Norway spruce shoot elongation on temperature before bud break. They compared the primordial shoot ratio, i.e., the ratio of shoot length inside a bud to bud length, with temperature sums calculated for different threshold temperatures, starting dates and time steps. They discovered that the coefficient of determination exceeded 0.95 with several combinations of the above-mentioned model parameters and that with threshold temperatures 0 and +1°C, the coefficient of determination was high regardless of the starting date and time step used in the model.
On the other hand, Rossi et al. (2007) studied the mean daily temperature over which growth begins with the assumption that no temperature accumulation is needed. With a logistic regression, they calculated the probability of growth being active at a certain temperature. According to their results and other results obtained with the same method, threshold temperatures of growth onset are in the range of 3.7-14.0°C for the activity of xylogenesis (Rossi et al. 2007 , Jyske et al. 2014 .
In this study, our objective is to analyse the temperature dependence of the early growth of Scots pine needles and its relationship with shoot growth. For this, we test the hypotheses that (i) needle growth in spring is directly proportional to shoot growth and (ii) needle growth in spring is activated when daily temperature rises above a certain threshold. We use two methods for analysing the threshold temperature: firstly, we apply the method introduced by Rossi et al (2007) to search for the most likely temperature above which growth is active. Secondly, we relate needle growth to accumulated temperature sum, interpreting the related threshold temperature as the growth threshold. On the basis of the results, we discuss the influence of method and temporal resolution on the obtained temperature threshold.
Furthermore, we want to apply the results to a needle growth model. We have developed a model called CASSIA (Schiestl-Aalto et al. 2015) to study the sink-source dynamics of growth of Scots pine tree parts. The purpose of the model is to examine how environmental factors on one hand, and carbon availability on the other hand, affect intra-and inter-annual growth variation of tree organs. The model predicts within-year dimensional growth of tree organs with momentary and accumulated temperature as explaining factors. Whereas the onset of shoot growth can easily be measured, there is considerable uncertainty about the timing of needle growth onset and, furthermore, the relationship between needle and shoot growth in the spring. Deficiencies in the early growth prediction may build up to larger errors in the later part of the growth period, especially if the driving weather conditions change.
Materials and methods

Measurements
Study site The study site in year 2012 was a Scots pine sapling stand in southern Finland (61.52°N, 24.17°E), about 300 m away from the SMEAR II station (Hari and Kulmala 2005) . The trees were 10-12 years old and 5.5-7.0 m tall in spring 2012. In years 2014 and 2015, the measurements were conducted in another Scots pine sapling stand located about 300 m away from the first stand. The trees were 11 years old and 3.2-3.9 m tall in spring 2014. In autumn 2015, the height of the trees was 4.6-5.5 m. The study area is located in the middle boreal zone and the mean annual temperature is +3.5°C. The sites are medium fertile, classified as Vaccinium type (Cajander 1926 ) with site index = H 100 23-25 m (the dominant height of the stand at the age of 100 years, Vuokila and Väliaho 1980) .
Needle and shoot measurements
In year 2012, we had four sampling trees from each of which one bud was removed at each sampling date. In year 2012, the sampling ended in late May, about 2 weeks before visible bud break. Needle growth had not started before sampling (Figure 1 ). In years 2014 and 2015, 10 pine saplings were chosen and paired. From the beginning of March until the time of total bud break, when all the bud scales have fallen (early June), one to three times per week, one bud was removed from each pair of trees (five buds in total), alternately from the two trees in each pair. The bud was removed from a first-order side branch that was randomly selected within two sampling whorls, which were second and third or third and fourth whorls from the top depending on the height of the tree (accessibility of the buds). There were 22 and 26 sampling dates in years 2014 and 2015, respectively, and thus, 11 and 13 buds per tree were removed.
Three needles were separated from each bud under a stereomicroscope (Nikon SMZ-2 T, Tokyo, Japan) at 10-63× magnifications and photographed with a digital camera (Lumenera Infinity 3, Ottawa, Canada). The length of the bud/shoot and the lengths of the needles were measured from the images with the public domain software ImageJ (NIH, http://rsb.info.nih.gov/ij). The average length of the 5 shoots (4 in year 2012) and 15 needles (12 in year 2012) was calculated at each sampling date and used in the successive analyses (Table 1) .
After bud break during years 2014 and 2015, two needles per tree (= 20 needles) were marked, and their lengths were measured two to three times per week until the end of the growth period. The average lengths of the needles per measurement date were used for estimating the fitness of the needle growth model (CASSIA) to measurements.
Temperature Air temperature was measured at the SMEAR II station every minute at a height of 16.8 m. The values were averaged to hourly and daily temperatures (Figure 2 ). Temperature sums (Eq. (1)) were calculated with time steps of 1 h (the degree-hour temperature sum, dh) and 1 day (the degreeday temperature sum, dd) with threshold values −4, −3, … , +5°C
. The summation was started both from the beginning of the year and from vernal equinox (Sutinen et al. 2012) . The temperature sum ( ) T n S at time (day or hour) n is calculated as: where T i is the temperature at day or hour i, t 0 is the starting time of temperature sum accumulation (the beginning of year or vernal equinox) and T th is the threshold temperature value.
There was a possibility that the temperature conditions in the measurement stand could have differed from the mast measurements because of the differences in radiation conditions as well as the slightly lower elevation of the measurement stand. Thus, we compared the mast measurement data with temperature data of Finnish Meteorological Institute that is measured at the height of 2 m in an open place,~300 m away from the measurement stand and at a somewhat lower elevation than the measurement stand. Because the differences in the daily average temperatures of the two measurement spots were minor, in 92% of days the Tree Physiology Volume 37, 2017
difference was <1°C, we concluded that the temperature data of the SMEAR II station was suitable for the analysis.
Analysis
The relationship between shoot and needle growth The measured shoot and needle lengths were converted to relative values [0,1]
where L i is the relative length of shoot or needle at measurement day i and L 0 is the length at the first and L max is the length at the last measurement date.
To study the dependence of needle growth on shoot growth in spring, we constructed mixed models:
where G N,ih and G S,ih are needle and shoot growth rates on day i in tree h, respectively (mm day
, where M is N or S, L i is the length of needle or shoot and DOY i is day of year on measurement day i). Note that here we could not study the effect of year on the result because the sample trees were different each year, so the tree index h embeds the possible effect of year. a and b are fixed-effect parameters,
is the model error. For testing our hypothesis, the objective was to assess (i) whether a linear relationship can be found, either tree-wise or in the pooled data set, and (ii) whether the relationship is proportional, i.e., the intercept is insignificant. The latter would mean that growth onset is concurrent in needles and shoots. The conclusions were made by comparing regressions 1c-1d using analysis of variance (ANOVA) and Akaike's Information Criterion (AIC).
The above regressions 1c-1d require that we derive the growth variables from original measurements on the length. However, estimating length growth from lengths measured from different individual buds through destructive sampling increases measurement error and introduces autocorrelation between consecutive measurements (Ljung 1999) . Because of this, more consistent parameter estimates for the relationship can be found by computing the corresponding regression on the original length measurements, although this in turn will overestimate the significance and correlation of the relationship. We therefore conducted the same analyses for needle and shoot lengths (mm) instead of growth (regressions 2a-2d). All calculations were conducted with R (R Development Core Team 2015).
Threshold temperature for needle growth We tested two different methods of analysing the threshold temperature of growth as follows:
(i) We used the logistic regression (Rossi et al. 2007 ) that calculates the probability of growth being active (π x ) at a certain temperature. Growth was classified as active (value = 1) when needle length had raised permanently above the value L 0 + 2s D , where L 0 is the length of the needle in the first measurement and s D is the standard deviation of the first seven measurements during which the growth had not started, judging by visual inspection of the results (Figure 1 ). Before that growth was classified as inactive (value = 0).
where T n is the temperature on day n and β 0 and β 1 are parameters. Temperature threshold was defined as the temperature at which the probability of growth being active was 0.5. This occurs when π ( ) = Logit 0
x and thus β β = − T / n 0 1 . We fitted the model separately for years 2014 and 2015. Because of gaps in the early measurement data of individual tree pairs, year 2012 was excluded from this analysis.
(ii) Following the analysis of Sutinen et al. (2012) , we assumed that the length of new needles during the early part of the growth period depends on the accumulated temperature sum:
where L n,y is the length of needles at time n, year y, L y 0 is the length of the needles at the first measurement date, T n S is the temperature sum at time n and a y is a vector of yearly varying regression parameters. Sigmoidial pattern is commonly used for describing withinyear growth (Chuine et al. 2006 , Schiestl-Aalto et al. 2013 . Therefore, we assumed that the form of the non-linear function, f , was exponential, which is a close approximation of the early part of the sigmoidial curve. We defined the non-linear function f of regression 4 as follows: T . Therefore, the change in the needle length in relation to change in temperature sum is as follows: As noted above, problems of interpretation arise with both regression 5 using accumulated variables and regression 6 using indirect growth measurements. We assessed the suitability of both formulations using R 2 and root mean squared error (RMSE) values as indicators. The parameters a y1 and a y2 were estimated
Tree Physiology Online at http://www.treephys.oxfordjournals.org for each year separately by minimizing the sum of squared residuals between the measured and modelled needle growth. All trees were pooled each year to derive average values of needle growth and needle length on each measurement date. Measured growth was calculated for each measurement day as the length difference between the measurement days. Modelled growth with regression 6 was calculated for each day (or in later analysis also for each hour with degree-hour temperature sum calculation) of the year. Modelled growth between measurement days was then calculated for each measurement day as
, where n is the day (or hour) of year and m measurement day. Threshold temperature +5°C, beginning date 1 January and a time step of 1 day were used for temperature sum calculation. Year 2012 was excluded from regression 6 because of fragmented growth data.
Further, we wanted to find the threshold temperature that produces the most consistent dependence of needle growth on the accumulation of temperature sum for all years. To do this, we estimated parameters a y1 and a y2 (regressions 5 and 6) for each year and threshold temperature combination (3 × 10 parameter values for all parameters). The fitting was conducted with the R non-linear least squares function. With the parameters of each year (separately for each threshold temperature), we made a prediction for the two other years and calculated the value of RMSE for the predictions (six RMSE values for each threshold temperature). We calculated the average of the six RMSE values and compared these average values of the different threshold temperatures to see which threshold temperature minimizes the average RMSE. The analysis was done with both degree-hour and degree-day temperature sums, the temperature accumulation beginning from either the beginning of the year or vernal equinox.
Applying the results to a growth model
On the basis of the analysis about the relationship between needle and shoot growth, we fitted the CASSIA model (SchiestlAalto et al. 2015) to the needle growth data of years 2014 and 2015. We compared with two annual growth rhythm functions (f(t)): (i) an asymmetric function that was originally used in the model for needle growth and (ii) a sin-shaped function correspondingly with that originally used for shoot growth: were estimated separately for years 2014 and 2015 by minimizing the sum of squared residuals. In addition to the above-described measurements that were conducted before bud break, we measured the length growth of 16 or 9 needles (for years 2014 and 2015, respectively) two to three times per week from bud break until the end of the growth period. These measurements were combined and used for the model analysis.
Results
The relationship between shoot and needle growth According to the ANOVA results, regression 1b, which includes a random slope varying between trees, was better than regression 1a with a random intercept (Table 2b ). Regression 1c, with both the random slope and random intercept was not significantly better than regression 1b, indicating that there is no significant variation in the relative onset times of needle and shoot growth between trees. Regression 1c with no fixed intercept did not perform as well as regression 1d with a fixed intercept, indicating that there is a difference in the timing of growth onset of needles and shoots (Table 2b) . When the same analysis was conducted with needle and shoot length instead of growth (regression 2d), the value of parameter a (fixed intercept) was however very small (Table 2a and Figure 3) , and although needles began to grow before shoots the length of needles at the time of shoot growth onset was minor. The results of the comparison of regressions 2a-2d were similar to the comparison of growth-based models (regressions 1a-1d) (Table 2c ).
Threshold temperature for needle growth
The were 0.83 and 0.70 for years 2014 and 2015, respectively, indicating that growth can be reasonably well explained with temperature sum and the chosen model ( Figure 5 ). We concluded that the model describes needle growth at a sufficient level and can be used for further analysis. We calculated the RMSE values of regression 5 for all the three years with the estimated parameters of the other two years (see Table 3 for parameter values) and took the average of these RMSE values. The lowest average RMSE values were reached with degree-hour and degree-day temperature sums started from the beginning of the year with threshold temperature +1°C (RMSE values 0.227 and 0.233, respectively, Figure 6a ). When the degree-hour temperature accumulation was started from the vernal equinox, the lowest RMSE value was reached with threshold temperature +2°C (0.242). For both of the calculations started from the beginning of the year, the RMSE values with threshold temperatures 0 to +2°C were very close to each other.
When the same analysis was conducted with growth instead of length (regression 6), the results were similar. The lowest RMSE value was obtained with degree-day temperature sum starting from the beginning of the year with threshold temperature +1°C (Figure 6b) . The RMSE values with threshold temperatures 0 to +2°C were close to each other regardless of starting time and time step. Tree Physiology Online at http://www.treephys.oxfordjournals.org
Applying the results to a growth model
When we applied the results to the CASSIA model and made the annual growth rhythm function of the needles follow that of shoots in the early part of the spring, as implied by the present results, we were able to predict the early spring growth with a higher accuracy. The more accurate prediction of spring time growth also led to higher accuracy in later growing season (Figure 7) .
Discussion
In our observations on Scots pine, at the time of total bud break more than a half of the final length of the shoot and at least 10% of the needle final length had already been achieved (data from years 2002 to 2015, not shown). This is why it is more complicated to study the earliest part of the growth than the later part. Here, we observed that needle elongation inside the bud begins almost concurrently with shoot elongation. In the early part of the growing season, needle and shoot growth rates are linearly related. Later in the summer, the growth rates differentiate as shoot growth ceases at least a month earlier than needle growth (Schiestl-Aalto et al. 2015 ). There might not exist between the Table 3 . The values of parameters a y1 and a y2 of regression 5. Values with temperature sum calculation conducted with threshold temperatures −2, +1 and +5°C (upper, middle and lower row, respectively), hourly (dh) and daily (dd) time step, and starting date 1 January (DOY = 1) and vernal equinox (v.e.) are shown. Tree Physiology Volume 37, 2017
determination of growth onset of shoots and other tree organs (such as xylogenesis or fine root growth) links as simple as we observed for shoots and needles . However, for a realistic view of whole tree growth, we have to be able to describe the phenology of the organs either as a combination or separately. Rossi et al. (2008) compared temperature distributions during the active and inactive period of xylogenesis and observed low percentages of overlap between the two distributions. Therefore, they assumed that spring can be divided into an inactive period and a subsequent active period according to mean daily temperatures, such that when daily (minimum, average or maximum) temperature exceeds a certain threshold the tree switches from the inactive to active period. Our results similarly display a very low overlap between the temperature distributions of active and inactive periods when a long strech of time is considered (from DOY 1 until the end of the growth period) (Figure 4) . In that case, the respective threshold temperatures were similar to those found by Rossi et al. (2007 Rossi et al. ( , 2008 and Jyske et al. (2014) for xylogenesis (5.6-8.5, 8-9 and 3.7-14.0°C, respectively) . However, the long inspection time emphasizes the extreme winter and summer time temperatures although these are not relevant for growth onset. Thus, we also considered a shorter inspection period, i.e., the period during which the growth onset occurs (dates from 1 April to 30 June) and observed that 63 and 67% (for years 2014 and 2015, respectively) of the daily mean temperature values observed during the inspection period are included in both the active and inactive distribution (Figure 4) . Even if the regression was fitted separately for each tree, as in the study of Rossi et al. (2007 Rossi et al. ( , 2008 , the corresponding overlaps were on average 55 and 30% for years 2014 and 2015, respectively (data not shown). Whereas this method is a convenient way to search for threshold temperature in such areas, where the temperature curve proceeds steadily over a year, we conclude that in regions where spring time temperatures alternate around the threshold temperature, it is difficult to define a relevant momentary temperature at which growth becomes active. Instead, it would appear that even though growth onset itself (the first moment when
0) is a momentary event, describing the process of growth onset may be more justified with a temperature accumulation model than with momentary temperature values.
The temperature sum method suggested a considerably lower temperature threshold than the direct threshold method by Rossi et al. (2007 Rossi et al. ( , 2008 , although the latter was also close to the commonly used threshold value +5°C for evaluating the effective temperature sum (e.g., Salminen and Jalkanen 2005, Sutinen et al. 2009 ). However, with this method it is difficult to separate the threshold of temperature accumulation before growth onset from the actual threshold temperature of growth, whether or not these are equal. Explicit determination of growth onset is therefore also lacking from our analysis of needle length development in relation to temperature sum, as the exponential curve begins to rise as soon as temperatures exceed the threshold even in winter. Even though the modelled growth is negligible in the beginning of the year and the model fits well to the measurements, the lacking determination of growth onset brings some degree of uncertainty to the results. However, both our results and similar research by Sutinen et al. (2012) in Norway spruce indicate that development and growth proceed at temperatures lower than +5°C, albeit at a substantially slower rate. James et al. (1994) studied the height growth of Scots pine at the tree line in Scotland, concluding that a requirement for any height growth to occur was that the mean growing-season temperature of the shoot meristem exceeded 5°C. The onset of the growing season was set at the time of bud break. The actual threshold temperatures for bud break are obviously somewhat lower than the growing-season average, and the threshold for the growth inside the bud is likely lower than that for bud break. In addition, the mean air temperature was observed to be about 1°C lower than meristem temperature. Considering these aspects suggests that the results by James et al. (1994) are consistent with the present study.
In spring, the temperature may hover around the threshold for long time periods. With an inaccurate model, the growth predictions may significantly differ from reality. Therefore, in order to understand how changing environmental conditions affect growth as a whole, we have to be able to predict the temperature response as well as the onset of growth correctly. For a stringent test of our results, it would be interesting to compare years with very different temperature patterns in the spring. Here, the early spring temperatures of years 2014 and 2015 were fairly similar, while in year 2012, the measurements were concluded earlier than in the other two years, which may weaken the comparability of the results. In addition, James et al. (1994) reminded us that the temperature that should be considered is the tissue temperature rather than air temperature.
The present results contradict our previous assumptions applied in our model CASSIA, where needle growth has been defined to begin only after a certain proportion of shoot elongation has occurred and then proceed with a fast pace (SchiestlAalto et al. 2015) . With the new results on needle growth onset, we were now able to refine the needle growth model. Whether growth is limited by carbon availability or direct environmental factors (see Wiley and Helliker 2012, Körner 2015) has recently been studied widely (e.g., Palacio et al. 2014 . With a more accurate growth model, it is easier to evaluate how the timing of carbon consumption is related to the timing of carbon assimilation. Knowledge of growth determining factors is essential in order to estimate how growth and carbon balance of forests change when the possible limiting factors vary (Medlyn et al. 2011) .
We managed to show a straightforward connection between needle growth and primary wood growth in Scots pine.
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Connecting secondary growth and root growth is more complex (Huang et al. 2014 ) but would further improve whole-tree growth predictions. According to Aloni (2013) , IAA hormone produced in new leaves gives a signal to secondary growth onset. Huang et al. (2014) obtained results in Picea mariana and Abies balsamea that xylem growth begins before bud break and in most cases even before visible (from outside) changes in bud phenology progress. Correspondingly, Cuny et al. (2012) observed primary growth onset to occur after the onset of tracheid production. This delay was, however, more pronounced with Norway spruce and silver fir than with Scots pine, which reflects the different growth strategies of these species. The different growth strategies were also shown in the results of Meng et al. (2015) as they found shade-adapted species to grow new shoots later compared with foliage than light-adapted species. In our measurements, the growth of needles (and shoots) in Scots pine began on DOY 116-130. We do not have secondary growth estimates from the same years but the first enlarging xylem cells were observed in the nearby stand on DOY 134-156 in years -2010 (Schiestl-Aalto et al. 2015 . On the other hand, the cell enlargement phase is preceded by an increase in the number of cells in the cambial zone (e.g., Rossi et al. 2006) , and in developing buds lipid formation can be observed before visible changes in inside-bud dimensions (Sutinen et al. 2009 ). The moment of time where growth begins is thus eventually a matter of definition. However, for understanding the changes in tree functioning under varying environmental conditions, it is crucial to understand the relationships between the functional components from the beginning of the growth period.
